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Abstract
After 22 years of aging under natural conditions in an outdoor lysime-
ter the bioaccessibility of 14C-labeled atrazine soil residues to bacteria was
tested. Entire soil samples as well as sand-sized, silt-sized and clay-sized
aggregates (>20, 20-2, and <2 µm aggregate size, respectively) were in-
vestigated under slurried conditions. The mineralization of residual ra-
dioactivity in the outdoor lysimeter soil reached up to 4.5 % of the total
14C-activity after 16 days, inoculated with Pseudomonas sp. strain ADP.
The control samples without inoculated bacteria showed a mineralization
maximum of only about 1 % after 44 days of incubation. Mineralization
increased in the clay-sized aggregates up to 6.2 % of the total residual
14C-activity within 23 days. With decreasing soil aggregate sizes, residual
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14C-activity increased per unit of weight, but only minor differences of the
mineralization in the soil and soil size aggregates using mineral-media for
incubation was observed. Using additional Na-citrate in the incubation,
the extent of mineralization increased to 6.7 % in soil after 23 days fol-
lowing incubation with Pseudomonas sp. strain ADP. These results show
that long-term aged 14C-atrazine residues are still partly accessible to the
atrazine degrading microorganism Pseudomonas sp. strain ADP.
Keywords: atrazine, bioaccessibility, Pseudomonas sp. strain ADP,
aged residues, physical soil fractionation, bio-mineralization, soil aggre-
gates
INTRODUCTION
The s-triazine herbicide atrazine [2-chloro-4- (ethylamino)-6-(isopropylamino)-s-triazin]
was introduced in 1957 and has been used since 1958 (1–3 ) worldwide for weed control,
predominantly in maize cultivation. While the application of atrazine has been forbid-
den in Germany since March 1991 because of exceedance of permissible concentrations in
ground- and drinking water (4 , 5 ), this herbicide is still widely used in agriculture, espe-
cially in countries of huge global impact, such as China and USA (6 , 7 ), and industrial
purposes (8 ). The reason for atrazine in ground water is due to direct leaching, surface
run-off or intrusion via particle binding. A continuous desorption and resulting mobil-
ity of atrazine in soils is also under discussion, with focus on the formation of ”bound
residues” (9 ). Degradation and metabolism of atrazine in soil occurs through microbial
activity and non-biotic processes, such as hydrolysis, photo-degradation and oxidation,
leading simultaneously to the formation of bound residues (10 ). The half life of atrazine
limited by microbial degradation and fixation by binding and sorption ranges from 4-57
weeks (11–13 ). The atrazine metabolites and their transformation rates via biotic and
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abiotic processes are slower too, depending on the type of metabolite being chlorinated
monoalkylatrazines or hydroxylated (14 ). Numerous investigations have stated that the
distribution of atrazine residues in soil is mainly dependent on the soil organic carbon
(e.g. humin, humic and fulvic acids) (15 ) and the clay content (16 ), with the majority
of the atrazine residues are located in soil particle fractions <20µm (9 ).
Triazines and their environmental behavior have been the subject of numerous inves-
tigations (17–21 ). So far, studies on bound residues with labeled triazines have been
conducted on short-term (weeks) (17 ) to at most mid-term (months) (21 ) time scales
under laboratory conditions. However no studies have been conducted with radioactively
labeled triazine residues aged on a long-term time scale (> 20 years) under field condi-
tions. The present study closes this knowledge gap, facilitating a complete assessment of
health and environmental risks, and provides data on long-term aged 14C-labeled atrazine
residues under environmental conditions. As atrazine has for years been one of the most
widely used s-triazine herbicides and as a number of metabolites are also found in the
degradation pathways of other triazine herbicides, it can also be seen as a model substance
for this class of pesticides.
In this study the application of 14C-labeled atrazine under outdoor conditions is dated
back 22 years. ”Atrazine residues” in this paper implies the parent compound and all
possible metabolites. Due to uniformly triazine ring 14C-labeled applied atrazine, residual
atrazine equivalents can be calculated on basis of the specific radioactivity.
The objectives of this study were (i) to localize and quantify the distribution of 14C-
labeled atrazine residues in soil; (ii) to analyze the mineralization of the aged 14C-labeled
atrazine residues; (iii) to evaluate the bioaccessibility of the naturally aged 14C-labeled
atrazine residues in the soil by the specialized bacteria for atrazine degradation Pseu-
domonas sp. strain ADP; (iv) to study the differences in bioaccessibility of 14C-labeled
atrazine residues by Pseudomonas sp. strain ADP in different soil size aggregates, and
(v) to evaluate accelerated bioaccessibility following the addition of carbon sources.
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MATERIALS AND METHODS
Soil and Lysimeter Characteristics. The lysimeter soil originated from Puch, Fu¨rsten-
feldbruck in Bavaria, Germany. For the lysimeter studies, agriculturally used soil (gleyic
cambisol) was taken in 1979. The filling of the lysimeter was in accordance to the natural
bedding of the field soil layers. The filled plastic lysimeter with a square surface of dimen-
sions 49x49, and a depth of 73 cm, had a surface area of approximately 0.24 m2. The soil
was utilized for continuous corn production. All lysimeter-soil treatments were performed
under field-like conditions in accordance to agricultural practice until August 2005 at the
Bavarian Management Agency for Agriculture (LfL), Munich, Germany. Time of applica-
tion and amount of applied 14C-labeled atrazine and non-labeled atrazine are presented in
Table 1. 14C-Labeled atrazine was uniformly 14C ring-labeled. The total atrazine applied
within the 3 years are equivalent to 5 kg atrazine per hectare. The new specific activity is
calculated from the total amount of applied 14C-radioactivity (56.195 MBq) over the total
mass of 133.294 mg of radioactive and non-radioactive atrazine applied and amounts to
421.587 kBq mg−1 which is used for all further calculations in this study.
Table 1. Time of application and applied quantities of non-radioactive
and radioactive atrazine as active ingredient as well as the applied 14C-
radioactivity.
Time of Applied Applied Specific Applied
application atrazine 14C-atrazine 14C-activity 14C-activity
[mg] [mg] [kBq mg−1] [MBq]
1983 38.931 4.382 4271.1 18.716
1984 41.283 4.327 4272.0 18.485
1985 39.924 4.447 4271.2 18.994
Total 120.138 13.156 56.195
(133.294 mg)
New specific
14C-activity 421.587 kBq mg−1 atrazine
Soil sampling and treatment. The lysimeter soil containing 14C-labeled atrazine residues
was sampled 22 years after the last atrazine application and subdivided in the following
layers: 0-10, 10-20, 20-30, 30-40, 40-50, 50-55 cm.
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The soil layers were air dried to a water content between 3.5 - 12.9 % (depending on
soil layer), pre-sieved (5 mm) and stored in dark glass bottles at 2 ◦C in the dark until
further analysis. For detection of residual 14C-activity the soil samples were freeze dried
(Lyovac GT2, Steris), combusted using a Biological Oxidizer OX500 (R.J.Harvey Instru-
ment Corporation) and analyzed by liquid scintillation counter (LSC, 2500 TR, Tri-Carb,
Packard Liquid Scintillation Analyzer). For the experiments, the soil was homogenized
and sieved (≤2mm). The highest residual 14C-activity was found in the upper soil layer
0-10 cm. This soil, corresponding to 0.3 µg of formerly applied 14C-atrazine g−1 dry soil
was used for the experiments in this study.
Soil aggregate fractionation. The soil aggregate fractionation was performed in accordance
with a previous study by Burauel and Bassman (22 ). For the fractionation, 100 g of dry
weight of soil equivalents were placed in 1000 mL Duran glass bottles and 200 g of organic
free deionized water (Milli-Q Plus 185, Millipore purification system) was added. The soil-
water mixture was shaken for 6 h at 150 rpm (Horizontal Shaker SM 25, Edmund Bu¨ler).
Thereafter, 600 g of deionized water was added to give a total amount of 800 g. Aggregate
size fractions were measured using the sedimentation rate and Stokes’s Law. After the
first sedimentation of 6 min, the sand-sized aggregates (particle sizes of 20 - 2000 µm)
were obtained and the resulting liquid was separated. In the second step, the silt-sized
aggregates (particle sizes of 2 - 20 µm) were isolated following a second sedimentation
period of 12 h. The resulting supernatant containing the clay-sized aggregates (particle
sizes of <2 µm) was centrifuged at 10,000 g for 90 min (Beckman J2-21, Rotor JA 14).
After centrifugation of the clay-sized aggregates, the resulting supernatant (dissolved
organic matter (DOM) fraction, particle size <0.05 µm) was analyzed for desorbed 14C-
labeled atrazine residues.
5
For analysis of the DOM-fractions, 5 mL of the aqueous sample was mixed with 10
mL scintillation cocktail (Instant Scint-Gel PlusTM , Perkin-Elmer) and detection of ra-
dioactivity was performed by LSC. The fractionated soil samples were freeze dried until
complete dryness and stored for radioactive analysis in the dark. All solid samples con-
taining 14C-labeled atrazine residues were freeze dried and combusted in triplicates via
Biological Oxidizer and LSC detected.
Desorption experiments. These experiments were performed to evaluate the influence of
the liquid media on the bioaccessibility of the 14C-labeled atrazine residue fraction. To
achieve this, 10 g dry soil equivalent (corresponding to a total 14C-activity of 1250 Bq)
was treated in accordance to the physical soil fractionation and was mixed with a total
amount of 80 g of a) deionized water, b) mineral-media, c) mineral-media containing 2
g L−1 Na-citrate and d) mineral-media containing 2 g L−1 glucose. To distinguish the
desorption potential of mineral-media components, K2HPO4, MgSO4.7H2O, FeCl3 and
Na2EDTA were also tested. The samples were shaken in PE centrifuge tubes for 6 h and
centrifuged for 90 min at 10,000 g and the 14C-activity in the supernatant was determined
via LSC.
Radioactivity in all of the liquid samples of the DOM-fraction were measured by LSC, as
described above. A quenching correction generated by external standards was used. The
desorption potential of 14C-labeled atrazine residues by using different liquids is presented
in Figure 2.
As reported in several previous studies (17 , 23 , 24 ), two extended desorption experi-
ments were conducted to further analyze the desorption potential of the aged 14C-labeled
atrazine residues. To achieve this, triplicate samples of 10 g dry weight of soil were mixed
with a) 80 g of methanol-water solution (4:1 v/v) and b) with 80 g of CaCl2 solution
(0.01 M) in propylene centrifuge tubes, and were shaken for 6 h on a horizontal shaker. In
addition, a second set of triplicate samples with methanol-water and CaCl2 solution were
also shaken for 24 h, respectively, to measure contact time dependant desorption. The
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tubes were centrifuged at 10,000 g for 90 min and residual 14C-activity in the supernatant
was LSC detected.
Physico-chemical analysis.
Carbon analysis of the DOM-fraction and desorption liquids. In order to achieve informa-
tion about an enhanced dissolution of carbon and possibly associated 14C-labeled atrazine
residues a range of solvents were used for soil fractionation and desorption studies and
were analyzed for total (TC), total organic (TOC) and non-purgeable organic carbon
(NPOC) content, using a Shimadzu Total Organic Carbon Analyzer (TOC-5050A, Shi-
madzu, ASI-5000A Auto Sampler).
Analysis and metabolite detection of the DOM-fraction and desorption liquids. The aque-
ous DOM-fraction (800 mL) of the physical soil aggregate fractionation was concentrated
by freeze drying (Lyovac GT2, Steris) and redissolved in pure methanol (HPLC-grade).
Methanol-water solution was used in the desorption experiment for 6 and 24 h, respec-
tively, and concentrated using vacuum evaporation using a Bu¨chi Syncore (50 ◦C, 150 rpm,
variable vacuum between 280 and 30 mbar, Bu¨chi Vakuum Controller V-805). Prior anal-
ysis the concentrated samples were transferred to 2 ml Eppendorfr cups and centrifuged
for sedimentation of the particles for 5 min at 15,000 g (Hettich Mikro Rapid).
HPLC/Radio-HPLC-analysis. For the detection of desorbed 14C-labeled atrazine residues
in liquid media, UV-HPLC (Dionex, pump M480, sampler Gina 50, UV-detector UVD
3405) and Radio-HPLC (Berthold Radio-Flow Detector LB 590, Jasco UVD 2075 detector,
solid scintillation cell YG 150 U4, pump 1580, Gina 50 sampler) was used. For HPLC
analysis a mixture of acetonitrile (Biosolve) and acidified water (pH 2.7, 1 ml 25 % H3PO4
L−1 H2O) was used. The applied HPLC column was a LiChrospher Select-B (Merck, 250
mm × 4 mm × 5 µm) with an additional pre-column (Merck, Select-B, 4 mm × 4 mm).
An isocratic flow of 60 % acidified water (pH 2.7) and 40 % acetonitrile was applied in
a linear operating range from 0.1 mg L−1 to 100 mg L−1. The injection volume of the
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concentrated samples was 20 µL at a flow rate of 1 mL min−1 and a wavelength of 223
nm. For Radio-HPLC the same eluent and columns were used. The injection volume of
the concentrated samples was 250 µL at a flow rate of 1 mL min−1. The applied gradient
conditions at time 0-6 min were 70 % acidified water (pH 2.7) and 30 % acetonitrile, at
time 10 min 100 % acetonitrile, and 70 % acidified water and 30 % acetonitrile at time
20 min. The limit of detection was 40 Bq ml−1.
LC-MS/MS-analysis. For LC-MS/MS-analysis a TSQ-Quantum 2002 (Thermo Electron)
was used. The applied HPLC column (Perfect Sil Target ODS-3, 125 mm × 2.1 mm ×
3 µm), used with an additional HPLC pre-column (Perfect Sil Target ODS-3, 1 cm ×
2.1 mm × 3 µm), was purchased from MZ-Analysentechnik Mainz. The applied HPLC
eluents were 0.1 M ammonium acetate solution (eluent A) and acetonitrile (Riedel De
Haen, 99.9 % purity, eluent B). The applied gradient conditions were 95 % eluent A and
5 % eluent B at time 0-5 min changing to 100 % eluent B at time 20 min. The flow rate
was 0.15 mL min−1 and the column temperature was 25 ◦C. The injection volume of the
concentrated samples was 5 µL. The applied MS conditions were positive electrospray
ionization (ESI) and multiple reaction monitoring mode (MRM). For atrazine and each of
its metabolites the transmission was optimized. As the collision gas, argon 5.0 (purchased
from Linde, 99.8 % purity) was used.
Elementary analysis of solid samples. For elementary (Al, Fe, K, Si) analysis of soil and
soil size aggregates, 100 mg of freeze dried sample was decomposed with a mixture of
0.25 g of lithium-borate for 30 min at 1000◦C. The flux was dissolved in 50 mL HCl (3
%; 0.95 M, respectively) and adjusted to a total volume of 100 mL. The analysis was
conducted by inductively coupled plasma with optical emission spectroscopy (ICP-OES;
TJA-IRIS-Intrepid spectrometer, Thermo). Determination of carbon was performed by
radiofrequency heating in flowing oxygen and following infrared absorption by a Leco
RC-412 multiphase carbon determinator. For nitrogen determination 2 mg of sample was
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combusted and analyzed by a Leco TCH 600 nitrogen/oxygen/hydrogen determinator and
N2 was determined by thermal conductivity detection.
Microbial cultures and conditions. Cells of Pseudomonas sp. strain ADP were grown
in Erlenmayer flasks containing 100 mL liquid atrazine culture media prepared in accor-
dance to Mandelbaum et al. (25 ) and incubated on a rotary shaker at 90 rpm and 28
◦C. The medium consisted of K2HPO4 1.6 g L−1, KH2PO4 0.4 g L−1, MgSO4.7H2O 0.2 g
L−1, NaCl 0.1 g L−1, CaCl2.2H2O 0.026 g L−1, saccharose 1.0 g L−1, C6H5Na3O7.2H2O
1.14 g L−1, basic saline solution 20 mL L−1 (consisting of: EDTA 2.5 g L−1, ZnSO4.7H2O
19.8 g L−1, FeSO4.7H2O 9.14 g L−1, MnSO4 H2O 1.54 g L−1, CuSO4.5H2O 0.4 g L−1,
CoSO4.7H2O 0.24 g L
−1, Na2B4O7.10H2O 0.18 g L−1 or Na2B4O7 0.095 g L−1, H2SO4
5.0 mL L−1) and basic vitamin solution 20 mL L−1 (consisting of: Thiamin-HCL 5 mg
L−1, Biotin 2 mg L−1, folic acid 2 mg L−1, nicotinamide 10 mg L−1, pyridoxine-HCL 10
mg L−1) adjusted to a pH of 7.2. In each flask inoculated with Pseudomonas sp. strain
ADP, an atrazine solution (stock solution 10 mg atrazine mL−1 methanol) was added,
with a total inoculum concentration of 50 mg L−1. Successful atrazine degradation was
detected via HPLC during the growth of the bacterium. At a sufficient cell density of 1-2
× 108 cells mL−1 after 1-3 days of incubation, the cells were separated from the media
by centrifugation (3 min at 3000 g, Heraeusr Megafuger 1.0), and harvested. Cells were
washed twice in mineral-media and resuspended in mineral-media (after Sambanis, (26 ))
without any atrazine or additional carbon sources; the medium consisted of three com-
ponents as follows: component I consisting of KH2PO4 0.335 g L
−1, K2HPO4 2.19 g L−1,
(NH4)2SO4 0.125 g L
−1, was dissolved in 997 mL distilled water. Additionally 1 mL of
component II consisting of MgSO4.7H2O 10.0 g L
−1, Na2MoO4.2H2O 1 g L−1 and 1 mL
of component III consisting of NaCl 10 g L−1, CaCl.2H2O 26 g L−1, Na2EDTA.2H2O 2.8
g L−1, FeCl3.6H2O 2.0 g L−1, as well as 1 mL trace elements solution was added. The use
of mineral-media was chosen as pH buffer (pH 7).
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For the experimental set-up, 10 g dry soil weight or soil aggregates was placed in
hermetic 250 mL Schott-Duran bottles and received 10 mL of mineral-media, including
Pseudomonas sp. strain ADP, at a concentration of 1-2 × 108 cells mL−1. The cell num-
ber was determined by a Beckman Multisizer 3 (Coulter Counter, Beckman & Coulter).
Due to small quantities of clay-sized aggregates these studies were conducted with 1 g
dry weight clay-sized aggregates, inoculated with 1 mL of mineral-media containing equal
bacteria concentration, respectively. These incubation conditions favored the activity of
the Pseudomonas inoculum and the indigenous soil microflora. As a control, soil incu-
bation was prepared, which did not contain the pseudomonad inoculum. The microbial
incubations were shaken daily for 120 min at 100 rpm on a rotary shaker to promote
aeration of the slurry.
The inoculated soil and particle size aggregates were incubated for 1, 2, 3, 9, 16, 23, 30
and 44 days at room temperature (RT, 22◦C ± 2◦C) in the dark. All experiments were
performed in triplicates.
The accelerated mineralization of aged 14C-labeled atrazine residues was measured using
a method employed by Mandelbaum et al. (18 ) with the addition of other carbon sources.
For this purpose 2 g L−1 of a) Na-citrate and b) glucose were added to the mineral-media,
as described above, and the media was added to soil samples as described previously. The
samples were taken at the same time intervals as those without additional carbon sources.
At the end of each incubation period the soil inoculum was sacrificed following the
acidification of the medium with 100 µl of 11 M HCl (resulted in a pH of 2-3), 5 min of
sonication, shaken for 120 min and subsequently incubated for 24 h at 22◦C ± 2◦C in
the dark. This was necessary to achieve complete gaseous release of dissolved or bound
14CO2 in the soil-slurry approach. Afterwards, the trapped
14CO2 was measured by LSC.
The efficiency of 100 µl of 11 M HCl for the gaseous release of dissolved or sorbed 14CO2
from the soil slurry and the trapping efficiency of 0.5 M NaOH was previously tested with
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NaH14CO3. The trapping efficiency of released
14CO2 in 1.5 ml of 0.5 M NaOH was found
to be 100 % after 11 h.
To determine 14C-labeled atrazine residue mineralization after each incubation period,
14CO2 evolution was measured after trapping in NaOH. A glass vial containing 1.5 mL
of 0.5 M NaOH was placed in a cap-holder inside the sealed 250 mL Duran bottles. For
determination of released 14CO2 the 1.5 mL aliquot of NaOH was transferred into a 20
mL LSC-vial and the trapping vial was washed with 5 mL of deionized water. The liquids
were mixed with 10 mL scintillation cocktail and measured by LSC. The amount of 14CO2-
radioactivity was determined by LCS for 15 min using a quenching correction by internal
standard.
RESULTS AND DISCUSSION
Soil and soil-aggregates analysis. Even 22 years after the last application, sorption
of 14C-labeled atrazine residues was significantly greater in the surface layer 0-10 cm
than in the lower soil layers. Measurements gave a clearly decreasing profile of residual
14C-activity from 8.8 % in the 0-10 cm soil layer to 0.7 % in the 50-55 cm soil layer of
the initially applied 14C-atrazine radioactivity, corresponding to the equivalent of 0.3 and
0.05 µg of the formerly applied 14C-labeled atrazine g−1 dry soil, respectively (Figure 1).
However, it must be mentioned that the amount of detected 14C-activity is not necessarily
related to 14C-labeled atrazine or metabolite molecules. Association of 14C-activity with
microbial biomass, soil organic matter or even an inorganic form of carbon has to be
considered.
Table 2 presents the measured residual 14C-labeled atrazine in the different soil size ag-
gregates. The aqueous DOM-fraction (particle sizes <0.05 µm; pH 6.1 ± 0.2) showed only
minor desorbed 14C-activity of 0.38 Bq mL−1 (± 0.01). By analyzing the concentrated
DOM-fraction and used methanol-water solution from desorption study via Radio-HPLC
(limit of quantification, LOQ: 40 Bq mL−1), UV-HPLC (LOQ: 0.1 mg L−1) and LC-
MS/MS (limit of detection, LOD: 0.125 ng mL−1 for atrazine and 2-hydroxy-atrazine
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Figure 1. Measured and calculated 14C-labeled atrazine residues of each
soil layer in average. The percentage indicates the 14C-labeled atrazine
associated residues of initially applied total 14C-labeled atrazine.
standard methanol solution) respectively, no atrazine as active compound was detected.
As described in previous studies, the main binding mechanisms of non-extractable residual
atrazine are due to charge transfer (27 , 28 ), hydrogen bridges (29 , 30 ) and hydrophobic
exchange reactions (30 , 31 ). While HPLC and radio-HPLC analysis were not sensi-
tive enough to detect the 14C-atrazine associated residues, LC-MS/MS analysis clearly
detected 2-hydroxy-atrazine (0.25 ng mL−1) as the only metabolite to be desorbed or ex-
tracted, respectively. This leads to the conclusion that atrazine as the primary compound
is either degraded or irreversibly sequestered into the soil matrix and may therefore be
considered to be a bound residue (32 ).
The distribution of 14C-activity in the differently sized aggregates show highest 14C-
labeled atrazine residues in the clay-sized aggregates, corresponding to results reported
by Barriuso et al. (15 ), with 0.5 µg atrazine residues g−1 dried aggregates. Due to the
high content of C, Al, Fe and Si (Table 2) as binding agents it could be assumed that
atrazine residues are directly associated with clay minerals or indirectly via C-, Al-, Fe-
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and Si-binding mechanisms on clay particles (33 ). As sorption of aged atrazine residues
is very likely due to C-binding mechanisms, Al- and Fe-oxides may play a relatively minor
role, according to Clausen et al. (34 ) and Kovaios et al. (35 ) in model studies; whereas,
Si-binding using silica gel is reversible (35 ).
Table 2. Residual 14C-atrazine activity in the soil and different soil size
aggregates. ± mean standard deviation of nine replicates. Values for car-
bon, nitrogen, aluminium, iron, potassium and silicon are in %. ± indicate
the mean standard deviation of three (C) and five replicates (N). The mean
standard deviation of three replicates for Al, Fe, K and Si is ± 3%.
Soil Sand-sized Silt-sized Clay-sized
aggregates aggregates aggregates
20 - 2000µm 2 - 20µm <2µm
14C-
activity 125 ±2.9 103 ±1.2 177 ±3.0 196 ±7.5
[Bq g−1]
14C-atrazine
associated residues 0.3 0.2 0.4 0.5
[µg g−1]
Element [%]
N 0.217 ±0.004 0.150 ±0.005 0.295 ±0.004 0.380 ±0.009
Corg 1.450 ±0.010 1.230 ±0.020 2.080 ±0.010 2.530 ±0.010
Canorg 0.052 ±0.017 0.039 ±0.005 0.060 ±0.001 0.062 ±0.001
CTotal 1.502 1.269 2.14 2.592
Al 5.9 5.1 8.8 11.4
Fe 2.1 1.6 3.8 5.6
K 3.1 2.4 4.3 5.3
Si 35.0 37.8 28.5 23.0
Desorption experiments. Results of the desorption study showed that mineral-media,
including Na-citrate or glucose enhanced the desorption for aged 14C-labeled atrazine
residues in the soil (Figure 2). Since in the published studies (9 , 17 ) 0.01 M CaCl2-
solution has been used for desorption and extraction of aged atrazine residues, the results
of this study show that the desorption potential of water is only slightly lower than that
for 0.01 M CaCl2-solution (2.8 versus 3.3 % desorbed
14C-activity of total experimental
setup 14C-activity). Mineral-media, with citrate or glucose, respectively, were found to
be 8.7 % and were comparable with methanol-water solution at 8.6 % after 6 h. Analysis
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with selected mineral-media components showed highest desorption potential of 8.8 ± 0.1
% for K2HPO4 (Table 3). Desorption of
14C-labeled atrazine residues released by these
minerals may play an important role in dissociation of prior non-bioaccessible, particle
bound atrazine residues leading to an enhanced microbial degradation.
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Figure 2. Desorption/extraction of 14C-labeled atrazine residues in the
soil with different solutions. Bars indicate desorbed/extracted 14C-activity
in % of total 14C-activity in 10 g of soil dry weight. Indications on the
X-axis: H2O: deionized organic free water; CaCl2: 0.01 M CaCl2-solution;
MM: mineral-media only; MM+glucose: 2 g L−1 dissolved in mineral-media;
MetH2O: methanol-water solution (4:1 v/v); MM+Na-citrate: 2 g L−1 dis-
solved in mineral-media. TR total 14C-activity in the sample. Error bars
indicate mean standard deviation of nine replicates.
Carbon bound desorbed residual 14C-activity in liquid fractions. As expected,
the use of mineral-media extraction liquid resulted in a much higher total carbon content
(31.2 mg L−1) than using water (5.9 mg L−1) after soil desorption (data not shown).
These results lead to the conclusion that the detected 14C-activity in mineral-media after
soil desorption (Figure 2) can be attributed to the ring 14C-components of the originally
applied 14C-labeled atrazine and therefor most likely associated with the extractable car-
bon fraction. It may be assumed that dissolved carbon associated with residual ring
14
Table 3. Desorption potential of mineral-media components used in bioac-
cessibility studies. The used amounts of the components are equal to the
amounts used for the liquid media for the bioaccessibility studies, calcu-
lated for 80 mL water per 10 g dry soil sample for extraction. ± indicate
the mean standard deviation of three replicates (in %). 100 % equals the
total amount of 14C-activity in the soil sample; n.a. no analysis.
compound % of total desorbed 14C-atrazine residual activity
1. extraction 2. extraction 3. extraction
K2HPO4 (0.1752 g) 8.83 ±0.11 5.40 ±0.07 2.24 ±0.05
MgSO4.7H2O (0.8 g) 3.79 ±0.10 2.10 ±0.06 0.92 ±0.07
FeCl3.6H2O (0.16 g) 3.18 ±0.09 0.92 ±0.08 n.a.
Na2EDTA (0.0028 g) 3.09 ±0.02 n.a. n.a.
14C-components favors higher bioaccessibility, thus resulting in enhanced mineralization
rates.
Mineralization of 14C-labeled atrazine associated residues. The control samples
analyzed for soil showed a very small mineralization, consisting of less than 1 % of the
residual 14C-activity present in the samples. This mineralization comes from indigenous
soil bacteria present in the soil samples mineralizing 14C-residues originating from formerly
applied 14C-ring labeled atrazine (Figure 3 A).
The samples inoculated with Pseudomonas sp. strain ADP increases in mineraliza-
tion extents of 2.5 % of the total 14C-activity in the setup after three days, increasing
to 5 % after 44 days of incubation (Figure 3 A). These results indicate that mineraliza-
tion of aged atrazine residues was facilitated by the specialized atrazine degrading strain
Pseudomonas sp. strain ADP. The mineralization by Pseudomonas sp. strain ADP in
the sand- and silt-sized aggregates reached maxima of 5.5 and 4.6 %, respectively, after
an incubation period of 44 days (Figure 3 B). In both cases, mineralization took place
more slowly than in soil. Slower degradation in comparison to the soil might be related
to missing nutrient components, which are important for microbial activity and which
are not sufficiently present in the sand- and silt-sized aggregates. In addition, there was
considerable mineralization of the 14C-activity in the clay-sized aggregates of 6.2 % after
15
23 d although the high standard deviation caused by natural heterogeneities in the small
amounts of initial sample associated with high organic carbon and 14C-labeled atrazine
residues (Table 2) has to be considered critically.
Taking into consideration the differing bacteria/residue ratios, the averaged mineral-
ization of the soil-size aggregates shows a similar behavior to that of soil incubated with
Pseudomonas sp. strain ADP (Figure 3 A and B). This result proves that the physical
aggregate fractionation is gentle. The similar mineralization behavior indicates that the
residual atrazine ring carbon is partially bioaccessible, irrespective of its spatial config-
uration, that is, independently of the scale of the particles or aggregates present in the
soil.
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Figure 3. Mineralization of 14C-labeled atrazine residues in the soil incu-
bated without Pseudomonas sp. strain ADP, soil with addition of Pseu-
domonas sp. strain ADP, and mineralization curve of averaged mineraliza-
tion of sized aggregates (A). Mineralization of 14C-labeled atrazine residues
in the soil size aggregates: sand-sized aggregates (2000 - 20µm), silt-sized
aggregates (20 - 2µm) and clay-sized aggregates (<2µm) all incubated with
Pseudomonas sp. strain ADP (B). TR total 14C-radioactivity of the sample.
Error bars indicate mean standard deviation of three replicates.
The amounts of 14CO2 produced from microbial activity following the addition of citrate
or glucose are presented in Figure 4 B. Figure 4 A represents the mineralization kinetics
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of 14C-labeled atrazine residues in total soil with and without addition of Pseudomonas
sp. strain ADP as described above. The addition of citrate to soil only resulted in an
enhanced mineralization of 6.7 % after 23 d of the 14C-atrazine associated residues by
Pseudomonas sp. strain ADP. However, the addition of glucose led to a mineralization
extent of just 3.6 % after 23 d, which was less than the mineralization of the atrazine ring
carbon with no glucose amendment (Figure 4 A).
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Figure 4. Mineralization of 14C-labeled atrazine residues in the soil in-
cubated with and without addition of Pseudomonas sp. strain ADP (A).
Mineralization of 14C-atrazine-residues in the soil including Na-citrate or
glucose incubated with Pseudomonas sp. strain ADP (B). TR total 14C-
activity in the sample. Error bars indicate mean standard deviation of three
replicates.
It is likely that citrate increases co-metabolic degradation pathways of atrazine residues
or leads to priming-effects. Further, Piccolo et al. (36 ) found that an addition of small
organic acids, e.g. citric acid to humic substances lead to a dispersion of humic mate-
rial into small submicelles. It is to assume that increased mineralization by glucose and
citrate amendment is due to priming-effects since these additional carbon sources are
easily degradable by microorganisms. This effect might be supported by dispersion of
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large humic associates with incorporated 14C-labeled atrazine residues by citrate amend-
ment, making these freed residues more accessible for the microorganisms. However, the
influence of citrate amendment on soil carbon structures and resulting changes in aged
14C-labeled atrazine residues on bioaccessibility is under current investigation.
Further, stimulated bacterial growth resulting in increased metabolism of the aged 14C-
labeled atrazine residues is possible. Laboratory analysis by HPLC showed that atrazine in
liquid media (50 mg L−1) could be completely mineralized within 24 h by Pseudomonas
sp. strain ADP, while using mineral-media with additional citrate or glucose. In the
absence of these carbon sources, 50 % of applied atrazine was mineralized within the
same time interval, whereas no degradation took place using deionized water only.
These results correspond to those achieved by Silva et al. (37 ) where biostimulation
of Pseudomonas sp. strain ADP to degrade atrazine in soil with citrate amendment was
significant. However, it must be pointed out that mineralization in the presented study
originated from long-term aged 14C-labeled atrazine residual fractions in soil.
Analysis of the supernatants of all incubations showed no obvious changes in dissolved
14C-activity in comparison to evolved 14CO2. This indicates that evolved
14CO2 likely
originates from mineralization of particle bound 14C-atrazine residues. As Park et al.
(38 ) demonstrated Pseudomonas sp. strain ADP is chemotactic towards atrazine and
the authors showed clear evidence of access to atrazine sorbed to soil, which may support
the presented observations. While Capriel et al. (39 ) found parent atrazine in soil and in
humic acids nine years after natural aging, it may be assumed that evolved 14CO2 could be
due to bound 14C-labeled atrazine. Since small amounts of one main atrazine-metabolite
(2-hydroxy-atrazine) could be detected with the applied LC-MS/MS methods it can be
expected that the bound 14C-residues fraction comprises of atrazine metabolites or even
atrazine as the parent compound.
The presented results have implications on the assessment of the long-term fate and
bioaccessibility of aged atrazine and its residues. The data highlight that atrazine and/or
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its metabolites are biologically accessible even after 22 years of aging. This is an important
information to be used in the field of environmental management and bioremediation as
well as in environmental risk assessment of persistent pesticides.
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Brief
After an aging process of 22 years under outdoor conditions residues of the originally
applied 14C-labeled atrazine are still biologically accessible which has implications for the
environmental management of soils.
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